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SYSTEMS AND METHODS FOR FORMING such as wires ( or nanowires ) or holes . The nanostructures 
THERMOELECTRIC DEVICES can have a high aspect ratio , such as at least 10 : 1 , 100 : 1 , 

1000 : 1 , 10 , 000 : 1 , 100 , 000 : 1 , 1 , 000 , 000 : 1 , or higher , and 
CROSS - REFERENCE can be monodisperse . In some cases , the nanostructures are 

5 anchored to a semiconductor substrate , such as a silicon 
This application claims priority to Patent Cooperation substrate . 

treaty ( PCT ) Patent Application No . PCT / US2013 / 021900 . An aspect of the present disclosure provides a method for 
filed Jan . 17 , 2012 , which claims priority to U . S . Provisional forming a thermoelectric device , comprising providing a 
Patent Application No . 61 / 587 , 607 , filed Jan . 17 , 2012 , and mask adjacent to a substrate , the mask comprising a poly 
U . S . Provisional Patent Application No . 61 / 620 , 920 , filed 10 meric mixture , and bringing a template having a first pattern 
Apr . 5 , 2012 , which are entirely incorporated herein by in contact with the mask to define a second pattern in the 
reference . mask . The first pattern comprises one of holes and rods , the 

second pattern comprises the other of holes and rods , and 
BACKGROUND holes or rods of the second pattern expose portions of the 

15 substrate . Such exposed portions of the substrate can 
Over 15 Terawatts of heat is lost to the environment directly expose the substrate , or expose a layer that is 

annually around the world by heat engines that require adjacent to the substrate . Next , an etching layer can be 
petroleum as their primary fuel source . This is because these deposited adjacent to exposed portions of the substrate . The 
engines only convert about 30 to 40 % of petroleum ' s etching layer is configured to aid in etching the substrate . 
chemical energy into useful work . Waste heat generation is 20 The substrate can then be etched with the aid of the etching 
an unavoidable consequence of the second law of thermo - layer . 
dynamics . Another aspect of the present disclosure provides a 

The term “ thermoelectric effect " encompasses the See - method for forming a thermoelectric element for use in a 
beck effect , Peltier effect and Thomson effect . Solid - state thermoelectric device . The method comprises providing a 
cooling and power generation based on thermoelectric 25 polymeric mixture adjacent to a substrate , and translating 
effects typically employ the Seebeck effect or Peltier effect the substrate in relation to a heat source , or vice versa , to 
for power generation and heat pumping . The utility of such form a transformed film along a direction anti - parallel to the 
conventional thermoelectric devices is , however , typically direction of motion of the substrate in relation to the heat 
limited by their low coefficient - of - performance ( COP ) ( for source . The polymeric mixture comprises a first polymeric 
refrigeration applications ) or low efficiency ( for power gen - 30 material and a second polymeric material . The transformed 
eration applications ) . film comprises three - dimensional structures phase - separated 

Thermoelectric device performance may be captured by a in a polymer matrix . Next , the three - dimensional structures 
so - called thermoelectric figure - of - merit , Z = S ? o / k , where or the polymer matrix can be removed to expose portions of 
‘ S ' is the Seebeck coefficient , ' o ' is the electrical conduc - the substrate . An etching layer can then be deposited adja 
tivity , and ' k ' is thermal conductivity . Z is typically 35 cent to exposed portions of the substrate . The etching layer 
employed as the indicator of the COP and the efficiency of is configured to aid in etching the substrate . With the aid of 
thermoelectric devices — that is , COP scales with Z . In some the etching layer , the substrate can be catalytically etched 
cases , a dimensionless figure - of - merit . ZT , is employed , with an oxidizing agent and an etchant . 
where ‘ T ' can be an average temperature of the hot and the In another aspect of the present disclosure , a thermoelec 
cold sides of the device . 40 tric device comprises an n - type semiconductor element 

Applications of conventional semiconductor thermoelec - comprising a periodic array of holes or wires and a p - type 
tric coolers are rather limited , as a result of a low figure semiconductor element that is adjacent to the n - type semi 
of - merit , despite many advantages that they provide over conductor element . An individual hole or wire of the peri 
other refrigeration technologies . In cooling , low efficiency odic array has an aspect ratio of at least about 100 - to - 1 . The 
of thermoelectric devices made from conventional thermo - 45 p - type semiconductor element comprises a periodic array of 
electric materials with a small figure - of - merit limits their holes or wires . An individual hole or wire of the periodic 
applications in providing efficient thermoelectric cooling . array has an aspect ratio of at least about 100 - to - 1 . 

Another aspect of the present disclosure provides a 
SUMMARY method for forming a thermoelectric device , comprising 

50 providing , in a reaction chamber , a mixture comprising a 
Recognized herein is a need for enhanced thermoelectric first solid state material and a second solid state material , 

materials and systems and methods for their fabrication and heating the mixture to a temperature that is at or above 
In some embodiments , a thermoelectric device comprises a eutectic temperature of an alloy comprising the first solid 

a semiconductor substrate having a mesh ( e . g . , a plurality of state material and the second solid state material , thereby 
holes ) disposed between electrodes of the thermoelectric 55 forming one or more domains of the alloy . The mixture can 
device . Holes included in the mesh can have dimensions on then be cooled to a temperature that is below the eutectic 
the order of nanometers to micrometers . In some cases , the temperature to provide the alloy phase separated in a matrix 
holes can be filled with a metallic material , semiconductor , comprising the first solid state material or the second solid 
or insulator to provide inclusions . The inclusions can have state material . The alloy can then be selectively removed 
dimensions on the order of nanometers to micrometers . 60 ( e . g . , etched ) in relation to the matrix to yield one or more 

In some situations , thermoelectric device performance inclusions in the matrix . 
can be dependent on the uniformity of holes defining a mesh . In another aspect of the present disclosure , a method for 
Mesh uniformity can depend , at least in part , on the method forming a thermoelectric device comprises immersing at 
used to form the mesh . Provided herein are systems and least a portion of a substrate in a solution comprising an 
methods for enabling the formation of a uniform mesh . 65 emulsion of metallic particles , and removing the immersed 

In some cases , a thermoelectric device is provided having portion of the substrate from the solution to provide at least 
a semiconductor substrate and an array of nanostructures , a subset of the metallic particles disposed adjacent to the 
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substrate . The subset of the metallic particles can be com FIGS . 4A and 4B are schematic perspective and side 
prised in a pattern of metallic particles . Holes or rods can views , respectively , of a system for forming a mask adjacent 
then be formed in the substrate with the aid of the metallic to a substrate ; 
particles . The holes or rods are comprised in a pattern of FIGS . 5A and 5B are schematic perspective and side 
holes or rods that corresponds to the pattern of metallic 5 views , respectively , of the system of FIGS . 4A and 4B 
particles . having an enclosure ; 

Another aspect of the present disclosure provides a FIGS . 6A and 6B are schematic perspective and side 
method for forming a thermoelectric device , comprising views , respectively , of the system of FIGS . 4A and 4B 
providing a photoresist adjacent to a substrate , exposing at having a rail for translating a heat source ; 
least a portion of the photoresist to electromagnetic radia - 10 FIG . 7 schematically illustrates an optical system for 
tion , and removing the at least the portion of the photoresist providing radiant energy to a surface of a substrate ( or that has been exposed to electromagnetic radiation to pro wafer ) ; vide a pattern of holes in the photoresist . The holes expose FIG . 8 schematically illustrates a metallurgical method 
portions of the substrate . Next , an etching layer can be for forming a thermoelectric element for a thermoelectric deposited adjacent to the substrate , wherein the etching layer 15 device ; is configured to aid in etching the substrate , and the substrate 
can be etched with the aid of the etching layer to form holes FIG . 9 schematically illustrates a lithographic method for 
in or rods from the substrate . forming a thermoelectric element for a thermoelectric 

Another aspect of the present disclosure provides a ther device ; 
moelectric device comprising a first thermoelectric element 20 FIG . 10 schematically illustrates a method for forming 
formed of an n - type semiconductor substrate and a second inclusions in a substrate ; 
thermoelectric element that is adjacent to the first thermo FIG . 11 schematically illustrates a photolithographic 
electric element and electrically coupled to the first thermo method for forming a thermoelectric element for a thermo 
electric element . The second thermoelectric element can be electric device ; 
formed of a p - type semiconductor substrate . The semicon - 25 FIG . 12 schematically illustrates a method for forming 
ductor substrate of each of the first and second thermoelec - inclusions in a portion of a substrate , and removing a 
tric elements can comprise a substantially periodic pattern of reminder of the substrate ; 
holes or wires , wherein an individual hole or wire of the FIGS . 13A - 13C schematically illustrates a process for 
pattern has an aspect of ratio of at least about 20 : 1 and a catalytically forming an array of holes , in accordance with 
surface roughness between about 0 . 5 nanometers ( nm ) and 30 an embodiment of the present disclosure ; 
50 nm , which may be measured by transmission electron FIG . 14 schematically illustrates a process for forming a 
microscopy ( TEM ) . pattern of holes , in accordance with an embodiment of the 

Additional aspects and advantages of the present disclo present disclosure ; 
sure will become readily apparent to those skilled in this art F IG . 15 schematically illustrates a process for forming a 
from the following detailed description , wherein only illus - 35 pattern of wires , in accordance with an embodiment of the 
trative embodiments of the present disclosure are shown and present disclosure ; and 
described . As will be realized , the present disclosure is FIG . 16 schematically illustrates a computer system that 
capable of other and different embodiments , and its several is programmed or otherwise configured to implement the 
details are capable of modifications in various obvious methods of the disclosure . 
respects , all without departing from the disclosure . Accord - 40 
ingly , the drawings and description are to be regarded as DETAILED DESCRIPTION 
illustrative in nature , and not as restrictive . 

While various embodiments of the invention ( s ) of the 
INCORPORATION BY REFERENCE present disclosure have been shown and described herein , it 

45 will be obvious to those skilled in the art that such embodi 
All publications , patents , and patent applications men - ments are provided by way of example only . Numerous 

tioned in this specification are herein incorporated by ref variations , changes , and substitutions may occur to those 
erence to the same extent as if each individual publication , skilled in the art without departing from the invention ( s ) . It 
patent , or patent application was specifically and individu - should be understood that various alternatives to the 
ally indicated to be incorporated by reference . 50 embodiments of the invention ( s ) described herein may be 

employed in practicing any one of the inventions ( s ) set forth 
BRIEF DESCRIPTION OF THE DRAWINGS herein . 

The term " nanostructure , " as used herein , refers to struc 
The novel features of the invention ( s ) are set forth with tures having a first dimension ( e . g . , width ) along a first axis 

particularity in the appended claims . A better understanding 55 that is less than about 1 micrometer ( “ # micron " ) in size . 
of the features and advantages of the present invention ( s ) Along a second axis orthogonal to the first axis , such 
will be obtained by reference to the following detailed nanostructures can have a second dimension from nanome 
description that sets forth illustrative embodiments , in which ters or smaller to microns , millimeters or larger . In some 
the principles of the invention ( s ) are utilized , and the accom - cases , the dimension ( e . g . , width ) is less than about 1000 
panying drawings ( also “ FIG . ” and “ FIGS . ” herein ) , of 60 nanometers ( “ nm ” ) , or 500 nm , or 100 nm , or 50 nm , or 
which : smaller . Nanostructures can include holes formed in a sub 

FIG . 1 shows a thermoelectric device ; strate material . The holes can form a mesh having an array 
FIGS . 2A and 2B schematically illustrate a thermoelectric of holes . In other cases , nanostructure can include rod - like 

element having periodic and non - periodic domains of holes structures , such as wires , cylinders or box - like structure . The 
( or inclusions ) ; 65 rod - like structures can have circular , elliptical , triangular , 
FIGS . 3A and 3B schematically illustrate a thermoelectric square , rectangular , pentagonal , hexagonal , heptagonal , 

element having a periodic array of holes ; octagonal or nonagonal , or other cross - sections . 
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The term “ nanohole , ” as used herein , refers to a hole , other thermoelectric devices present available , such as , for 
filled or unfilled , having a width or diameter less than about example , improved cooling and / or heating . In some 
1000 nanometers ( “ nm ” ) , or 500 nm , or 100 nm , or 50 nm , examples , a thermoelectric device formed according to 
or smaller . A nanohole filled with a metallic , semiconductor , methods of the disclosure may provide a hot side to cold side 
or insulating material can be referred to as a “ nanoinclu - 5 temperature difference ( AT ) of at least about 5° C . . 10° C . . 
sion . ” 15° C . , 20° C . , 30° C . , 40° C . , or 50° C . at an applied current 

The term “ n - type , " as used herein , refers to a material that of about 350 mA . In an example , a AT of about 26° C . can is chemically doped ( “ doped ” ) with an n - type dopant . For be provided at an applied current of about 350 mA . In some instance , silicon can be doped n - type using phosphorous or examples , a thermoelectric device formed according to arsenic . 10 10 methods of the disclosure may provide a AT of at least about The term “ p - type , ” as used herein , refers to a material that 5° C . , 10° C . , 15° C . , 20° C . , 30° C . at an applied current of is doped with an p - type dopant . For instance , silicon can be about 350 mA . In an example , a AT of about 15° C . can be doped p - type using boron or aluminum . 
Provided herein are systems and methods for forming provided at an applied current of about 300 mA . 

thermoelectric devices . Some embodiments provide thermo - 15 In some embodiments , holes can be formed , or wires can 
electric devices having electrodes , each electrode having an be formed from , a substrate . In some cases , the methods 
array of holes . The array of holes is formed by transferring comprise defining , with the aid of a metallic material , 
a pattern provided in a template to a substrate adjacent to the pattern to be transferred to the substrate , and with the aid of 
template to form a thermoelectric element having an array of the metallic material catalytically etching the substrate to 
nano structures . The array of nano structures can include a 20 define the pattern in the substrate . 
plurality of holes or elongate structures , such as wires ( e . g . , In some embodiments , a method for forming a thermo 
nanowires ) . electric device having a plurality of holes comprises forming 

In some embodiments , systems and methods are provided a pattern of holes or wires in a mask , and transferring the 
for forming the pattern of holes with the aid of a mask pattern of holes or wires to a substrate to form holes or wires 
having a uniform pattern of holes . 25 in the substrate . A pattern of holes can comprise one or more 

FIG . 1 shows a thermoelectric device 100 , in accordance holes , and a pattern of wires ( or rods ) can comprise one or 
with various embodiments of the disclosure . The thermo - more wires ( or rods ) . Methods for forming masks having a 
electric device 100 includes n - type 101 and p - type 102 pattern of holes or wires are provided in U . S . patent appli 
elements disposed between a first set of electrodes 103 and cation Ser . No . 13 / 550 , 424 to Boukai et al . ( “ THERMO 
a second set of electrodes 104 of the thermoelectric device 30 ELECTRIC DEVICES , SYSTEMS AND METHODS ” ) , 
100 . The first set of electrodes 103 connects adjacent n - type which is entirely incorporated herein by reference . 
101 and p - type elements , as illustrated . In some embodiments , a method for forming a thermo 

The electrodes 103 and 104 are in contact with a hot side electric device having a plurality of holes comprises forming 
material 105 and a cold side material 106 respectively . In a mask adjacent to a substrate , the mask having three 
some embodiments , the hot side material 105 and cold side 35 dimensional structures phase - separated in a polymer matrix . 
material 106 are electrically insulating but thermally con - The substrate can be a semiconductor substrate , such as a 
ductive . The application of an electrical potential to the silicon substrate . The mask is formed by providing a poly 
electrodes 103 and 104 leads to the flow of electrical current meric mixture having a first polymeric material and a second 
( also " current " herein ) , which generates a temperature gra - polymeric material adjacent to the substrate , and spin coat 
dient ( AT ) across the thermoelectric device 100 . The tem - 40 ing the polymeric mixture over the substrate . Next , the 
perature gradient ( AT ) extends from a first temperature polymeric mixture is thermally annealed . The polymeric 
( average ) , T1 , at the hot side material 105 to a second mixture phase separates into domains of three - dimensional 
temperature ( average ) , T2 , at the cold side material 106 , structures ( e . g . , cylindrical structures ) that define a pattern . 
where T1 > T2 . The temperature gradient can be used for The three - dimensional structures are disposed in a poly 
heating and cooling purposes . 45 meric matrix having the first polymeric material . Next , an 

The n - type 101 and p - type 102 elements of the thermo - array ( or pattern ) of holes is formed in the substrate by 
electric device 100 can be formed of structures having etching the three - dimensional structures to reveal the sub 
dimensions from nanometers to micrometers , such as , e . g . , strate , and catalytically transferring the array to the substrate 
nanostructures . In some situations , the nanostructures are to provide an array of holes ( or inclusions ) in the substrate . 
holes or inclusions , which can be provided in an array of 50 Alternatively , to form an array of wires ( or rods ) from the 
holes ( i . e . , mesh ) . In other situations , the nanostructures are substrate , the polymeric matrix is etched to provide an array 
rod - like structures , such as nanowires . In some cases , the of three - dimensional structures over the substrate . A pattern 
rod - like structures are laterally separated from one another . defined by the array of three - dimensional structures is then 

In some cases , the n - type 101 and / or p - type 102 elements catalytically transferred to the substrate to provide an array 
are formed of an array of wires or holes oriented along the 55 of wires formed from the substrate . As another alternative , 
direction of the temperature gradient . That is , the wires to form an array of wires ( or rods ) from the substrate , the 
extend from the first set of electrodes 103 to the second set three - dimensional structures can be etched to reveal the 
of electrodes 104 . In other cases , the n - type 101 and / or substrate . A first metallic material is deposited on the poly 
p - type 102 elements are formed of an array of holes oriented meric matrix , including the holes formed in the polymeric 
along a direction that is angled between about 0° and 90° in 60 matrix . The polymeric matrix is then removed , leaving an 
relation to the temperature gradient . In an example , the array array of the first metallic material over the semiconductor 
of holes is orthogonal to the temperature gradient . The holes surface . The array of the first metallic material defines a 
or wires , in some cases , have dimensions on the order of pattern . A second metallic material is then deposited on the 
nanometers to micrometers . In some cases , holes can define semiconductor substrate . The first metallic material serves 
a nanomesh . 65 as a mask to limit or prevent etching of the semiconductor 

Thermoelectric devices of the present disclosure , such as substrate that is facilitated by the second metallic material . 
the device 100 of FIG . 1 , can have various advantages of pattern defined by the array of the first metallic material 
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is then catalytically transferred to the substrate to provide an relative to metallic particles adjacent to the substrate to form 
array of wires formed from the semiconductor substrate . a thermoelectric element having an array of rods ( or wires ) . 

In some cases , a template is formed of a copolymer ( e . g . , pattern of holes or wires in a thermoelectric element can 
block copolymer ) . In an example , a template is formed by have a pitch ( e . g . , center to center distance from adjacent 
providing a block copolymer and forming an array of 5 holes or wires ) that is less than or equal to about 5000 
cylinders in the block copolymer to define the template . nanometers ( nm ) , or 1000 nm , or 500 nm , or 400 nm , or 300 

In some embodiments , a template ( or mask ) is formed of nm , or 200 nm , or 100 nm , or 50 nm , or 40 nm , or 30 nm , 
a first polymeric material and the three - dimensional struc or 20 nm , or 15 nm , or 10 nm , or 5 nm , or less . An exposed 

surface of a hole or wire can have a surface roughness that tures defining a pattern are formed of a second polymeric 
material . The second polymeric material is embedded in a 10 is suitable for optimized thermoelectric device performance . 

In some cases , the root mean square roughness of a hole or polymeric matrix comprising the first and second polymeric wire is between about 0 . 1 nm and 50 nm , 0 . 5 nm and 50 nm , materials . In some embodiments , the polymeric matrix com or 1 nm and 20 nm , or 1 nm and 10 nm . The roughness can prises a block copolymer having the first polymeric material be determined by transmission electron microscopy ( TEM ) and the second polymeric material . The polymeric matrix 15 15 or other surface analytical technique , such as atomic force 
can include a multi - block copolymer , such as a di - block microscopy ( AFM ) or scanning tunneling microscopy 
copolymer , tri - block copolymer or tetra - block copolymer . In ( STM ) . The surface roughness may be characterized by a 
other embodiments , the polymeric matrix comprises homo surface corrugation . 
polymers of the first and second polymeric materials . An individual hole or wire can have an aspect ratio ( e . g . , 

In some cases , the first polymeric material can be formed 20 the length of a thermoeletric element divided by the width of 
of a material having a molecular weight of at least about 1 an individual hole or wire ) of at least about 1 . 5 : 1 , 2 : 1 , 5 : 1 , 
kilodalton ( kDa ) , or 2 kDa , or 3 kDa , or 4 kDa , or 5 kDa , or 10 : 1 , 50 : 1 , 100 : 1 , 1000 : 1 , 5000 : 1 , 10 , 000 : 1 , 100 , 000 : 1 , 
6 kDa , or 7 kDa , or 8 kDa , or 9 kDa , or 10 kDa , or 20 kDa , 1 , 000 , 000 : 1 , 10 , 000 , 000 : 1 , or 100 , 000 , 000 : 1 . 
or 30 kDa , or 40 kDa , or 50 kDa , or 100 kDa , or 200 kDa , Holes or wires in an array of holes or wires can be 
or more . In some situations , the first polymeric material has 25 substantially monodisperse . Monodisperse holes or wires 
a molecular weight between about 10 kDa and 80 kDa , or 20 may have substantially the same size , shape and / or distri 
kDa and 60 kDa , or 30 kDa and 50 kDa . In some embodi - bution ( e . g . , cross - sectional distribution ) . As an alternative , 
ments , the first polymeric material is polystyrene . the holes or wires can be distributed in domains of holes or 

In some cases , the second polymeric material can be wires of various sizes , such that the holes or wires are not 
formed of a material having a molecular weight of at least 30 necessarily monodisperse . For example , the holes or wires 
about 1 kDa , or 2 kDa , or 3 kDa , or 4 kDa , or 5 kDa , or 6 can be polydisperse . 
kDa , or 7 kDa , or 8 kDa , or 9 kDa , or 10 kDa , or 20 kDa , Systems and Methods for Forming Thermoelectric Elements 
or 30 kDa , or 40 kDa , or 50 kDa , or 100 kDa , or more . In An aspect of the disclosure provides systems and methods 
some situations , the second polymeric material has a for forming elements thermoelectric elements . In some 
molecular weight between about 5 kDa and 40 kDa , or 10 35 embodiments , the systems and methods include thermal 
kDa and 30 kDa , or 15 kDa and 25 kDa . In some embodi - annealing systems for facilitating the formation of uniform 
ments , the second polymeric material is a block copolymer . templates ( or masks ) for use in forming the electrodes . 
In some cases , the second polymeric material can be selected In some cases , a thermoelectric device can include an 
from poly ( methyl methacrylate ) ( PMMA ) , poly ( dimethylsi - element with both periodic and non - periodic domains of 
loxane ) ( PDMS ) , poly ( ethylene oxide ) ( PEO ) , poly ( 4 - vi - 40 features ( e . g . , holes , wires ) . FIGS . 2A and 2B schematically 
nylpyridine ) ( P4VP ) , poly ( 2 - vinylpyridine ) ( P2VP ) , poly illustrate a thermoelectric element 200 having a hexagonal 
( styrene - b - dimethylsiloxane ) ( PS - b - PDMS ) , poly ( styrene periodic domain 201 of holes ( or inclusions ) 202 and a 
b - ethylene oxide ) ( PS - b - PEO ) , poly ( styrene - b - 4 non - periodic domain 203 of holes 202 . The element 200 can 
vinylpyridine ) ( PS - b - P4VP ) , poly ( styrene - block - 2 be an n - type or p - type element , depending on whether n - type 
vinylpyridine ) ( PS - b - P2VP ) , or mixtures thereof . 45 or p - type doping of a semiconductor substrate comprising 

The second polymeric material can be removed with the the element 200 is employed . The periodic 201 and non 
aid of an etching chemistry that can be selected based on the periodic 203 domains are marked by the dashed lines in FIG . 
material comprising the second polymeric material and , in 2A . The periodic 201 and non - periodic 203 domains are 
some cases , the first polymeric material . For example , a separated by domain boundaries that are marked by dashed 
second polymeric material formed of PDMS can be etched 50 lines . 
using hydrogen fluoride . As another example , a second The holes 202 in the periodic domain 201 can display long 
polymeric material formed of PEO can be etched using range order . The holes 202 in the non - periodic domain 203 
hydrogen iodide . As another example , PMMA can be etched may not display long range order . In some cases , the holes 
using acetic acid . Etching chemistries for various polymeric 202 in the non - periodic domain 203 do not display long 
materials can be found at , for example , Silverstein , M . S . , 55 range order . 
Cameron , N . R . , & Hillmyer , M . A . ( 2011 ) , Porous Poly - In other cases , a thermoelectric device can include an 
mers , New Jersey John Wiley & Sons , Inc . , which is entirely element with features ( e . g . , holes , wires ) in a substantially 
incorporated herein by reference . periodic arrangement . FIGS . 3A and 3B schematically illus 

The template can be used to form a pattern of holes or trate an element 300 with a periodic domain 301 of holes 
rod - like structures . An array of holes can be formed in the 60 302 . Non - periodic domains can incorporate areas of highly 
substrate by providing a metallic material in the holes of the thermally conductive bulk silicon that are parasitic conduc 
template to define an array of particles ( e . g . , nanoparticles ) tion paths for heat . Periodic domains , such as close - packed 
adjacent to the substrate . With the aid of the metallic periodic domains , can aid in minimizing these areas and 
material , the substrate can be etched to form a thermoelectric reduce parasitic heat conduction , thereby aiding in improv 
element having an array of holes . Alternatively , an array of 65 ing thermoelectric device performance . Thus , in some situ 
rod - like structure can be formed from the substrate by ations , periodic domains may be preferable over non - peri 
etching , with the aid of a metallic material , the substrate odic domains . However , in some cases , non - periodic 
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domains may be preferable . For instance , when parasitic non - periodic domains of features ( e . g . , holes , wires ) , or 
conduction paths of bulk silicon are minimized , non - peri substantially periodic features . 
odic domains may be more effective than periodic domains In some cases , domain growth is substantially within a 
at scattering a larger frequency range of phonons , reducing heated area of a polymeric material used to form a mask . In 
overall heat conduction beyond what periodic domains can 5 an example , a polymeric material is provided adjacent to a 
achieve . substrate ( e . g . , silicon ) by spin coating . Next , a portion of 

The holes 302 are in a hexagonal arrangement , but in the polymeric material is exposed to heat , such as , for 
other cases the holes can have other arrangements , such as example , by illumination from a heat lamp or by contact 

with a hot plate . The polymeric material within the heated triangular , square , rectangular , or pentagonal . The holes 302 
in some cases have close packing arrangements , such as 10 portion self - assembles to form three - dimensional structures 

( e . g . , cylinders ) within a polymeric matrix . The three - di hexagonal close packing ( hcp ) . The holes 302 in some cases mensional structures are distributed in a periodic domain of can have packing arrangements that are non - periodic , such the three - dimensional structures . as in a quasiperiodic crystal . In an example , the holes 302 In some embodiments , a mask is formed by controlling or can be in a quasicrystalline arrangement having , for 15 regulating one or more processing parameters used to form 
example , a triangular and / or pentagonal distribution of the mask . The processing parameters can be selected from 
holes . the location where heat is applied to polymer ( or polymeric ) 

The periodic domain ( or array ) of holes can have an material , the length of time heat is applied , and the annealing 
aspect ratio — thickness of the element 300 divided by the temperature . 
width ( or diameter ) of an individual hole of the holes 20 In some cases , exposing substantially all of a substrate to 
302 — of at least about 2 - to - 1 , or 5 - to - 1 , or 10 - to - 1 , or a heat source produces non - periodic domains , which may 
100 - to - 1 , or 1000 - to - 1 , or 10 , 000 - to - 1 , or 100 , 000 - to - 1 , or not be desirable , such as due to parasitic heat conduction . It 
1 , 000 , 000 - to - 1 , or more . The thickness of the element is has been recognized herein that by heating a substrate 
taken along the direction of orientation of the holes 302 . gradually along a predetermined direction , a higher density 

In some embodiments , an element includes a periodic 25 of periodic domains can be produced . Periodic domains can 
array of wires ( e . g . , cylinders ) . The periodic array of wires provide for less disorder , which can translate to an array of 
can have an aspect ratio — thickness of the element divided holes ( or rods ) that can provide for a thermoelectric device 
by the width ( or diameter ) of an individual wire of at least with minimized parasitic heat conduction . 
about 2 - to - 1 , or 5 - to - 1 , or 10 - to - 1 , or 100 - to - 1 , or 1000 - to - 1 , A substrate can be heated by translating a substrate 
or 10 , 000 - to - 1 , or 100 , 000 - to - 1 , or 1 , 000 , 000 - to - 1 , or more . 30 relative to a heat source . This can include moving the 
The thickness of the element is taken along the direction of substrate towards or away from the heat source , moving the 
orientation of the wires . heat source towards or away from the substrate , or moving 

Thermoelectric device performance can be at least in part both the substrate and the heat source towards or away from 
dependent on the distribution of features ( e . g . , holes or one another . The substrate can be moved along a conveyor 
wires ) of elements of the thermoelectric device , such as , for 35 belt or with the aid of a robotic arm , for example . As another 
example , the periodicity of features . The distribution of such example , the substrate can be stationary , and the heat source 
features can in turn be at least in part dependent on the can be moved towards the substrate with the aid of a linear 
methods used to form the features . track ( see below ) . 

In some embodiments , the distribution of features is The substrate can be moved towards the heat source at a 
dependent on the distribution of three - dimensional struc - 40 linear velocity of at least about 0 . 001 m / s , 0 . 01 m / s , 0 . 1 m / s , 
tures formed in masks overlying a substrate , which is used 1 m / s , 5 m / s , 10 m / s , or 100 m / s . As an alternative , the heat 
to form an element of a thermoelectric device . The distri source can be moved towards the substrate at a linear 
bution of three - dimensional structures ( or features ) can be velocity of at least about 0 . 001 m / s , 0 . 01 m / s , 0 . 1 m / s , 1 m / s , 
based , at least in part , on the rate at which a polymer matrix 5 m / s , 10 m / s , or 100 m / s . 
is annealed to initiate a self - assembly process of block 45 A substrate can be moved towards a heat source , or vice 
co - polymers in the polymer matrix , which is used to form a versa , continuously . As an alternative , a substrate can be 
mask . moved towards a heat source , or vice versa , in a series of one 

For instance , in some cases , semiconductor wafers are or more steps , with each step including a period in which the 
heated in an oven or on a hotplate , perhaps in presence of substrate ( or heat source ) is moved and a period in which the 
solvent vapor ( solvent annealing ) , to start the block copo - 50 substrate ( or heat source ) is stopped at a given location . The 
lymer self - assembly process . This can produce self - as - substrate or heat source can be moved in at least 1 , 2 , 3 , 4 , 
sembled block copolymer films with multiple unaligned 5 , 6 , 7 , 8 , 9 , 10 , 100 , 1000 , or 10 , 000 steps . 
domains due to simultaneous nucleation and subsequent In some examples , a heat source is a convective heat 
growth of domains . Individual domains can show highly source , electromagnetic heat source , or both . In an example , 
periodic packing of three - dimensional structures ( e . g . , cyl - 55 the heat source is an electromagnetic heat source that is 
inders ) , but may not be aligned with each other , leading to configured to provide infrared ( IR ) light . As an alternative , 
periodic and non - periodic domains . This can lead to an the heat source can be combined or replaced with a source 
element having periodic and non - periodic domains of fea of light with a wavelength that is suited to cure or anneal the 
tures ( e . g . , holes ) , as shown in FIGS . 2A and 2B . mask , such as , for example , ultraviolet light . 
Some embodiments provide methods for regulating the 60 FIGS . 4A and 4B show a system 400 for forming a mask 

distribution of features ( e . g . , holes , wires ) of elements of adjacent to a wafer , in accordance with various embodi 
thermoelectric devices . The distribution of features can be ments of the disclosure . The mask can be used to form an 
regulated by controlling the rate and manner in which masks element for a thermoelectric device . The system 400 
are thermally annealed . Methods can be used to form includes a conveyor assembly 401 and a heat source 402 . In 
elements in a batch - wise or continuous fashion , such as on 65 some cases , the heat source is a heat lamp ( e . g . , a lamp 
a conveyor - type system . Methods provided herein can be configured to emit IR light ) . Alternatively , the heat source 
used to form elements with features with periodic and 402 can be a laser . The heat source 402 can include a source 
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of infrared energy and one or more optics for directing of sight of heat source 402 , an untransformed film adjacent 
infrared energy to a polymeric material adjacent to a wafer . to the wafer 403 is converted to a transformed film at a 
The polymeric material in some cases is spin - coated over a predetermined rate and along a direction generally anti 
wafer . parallel to a direction of motion of the first wafer in relation 

In some embodiments , the conveyor assembly 401 5 to the heat source 402 . Exposure of the untransformed film 
includes a motor for moving a support platform adjacent to on the first wafer 403 to heat from the heat source 402 
a wafer . The support platform can contain a heat source , anneals ( or heats ) the first wafer 403 , which converts the such as a hot plate . The support platform in some cases is a untransformed film to a transformed film . Upon conversion conveyor belt . from an untransformed film to a transformed film , the In some embodiments , the conveyor assembly 401 is 10 second polymeric material phase separates from the first rotatable along an axis perpendicular to the direction of polymeric material to form three - dimensional structures motion of a wafer on a platform of the conveyor assembly . 
This can permit the adjustment of an angular disposition of ( e . g . , cylindrical - type structures ) in a polymeric matrix 
a wafer in relation to the heat source 402 . having the first polymeric material . 

In the illustrated example of FIGS . 4A and 4B , the system 15 A transformed film can have one or more domains of 
400 includes a first wafer 403 , second wafer 404 and third three - dimensional structure . For instance , the transformed 
wafer 405 that are disposed on a support platform of the film of the third wafer 405 has one or more domains of 
conveyor assembly 401 . The wafers 403 , 404 , and 405 are three - dimensional structures , as defined by the second poly 
supported on the conveyor assembly 401 , which transports meric material that has phase separated from the first poly 
the wafers along the direction indicated by the arrow . The 20 meric material . In some cases , the transformed film region of 
system 400 can contain a heat source that can preheat the the third wafer 405 has a single domain of the polymeric 
wafers before they are moved into the line - of - sight of the material , and the distribution of three - dimensional structures 
heat source 402 . In the illustrated example , the first wafer i s uniform . The three - dimensional structure can be distrib 
has yet to be exposed to heat from the heat source 402 , a uted in a square , rectangular , pentagonal , or hexagonal 
portion of the second wafer 404 has been exposed to the heat 25 arrangement . 
source , and the third wafer 405 has been fully exposed to the In some embodiments , an untransformed film is converted 
heat source . The second wafer 404 includes an untrans - to a transformed film at a rate that is a function of one or 
formed portion 404a that has not been exposed to heat from more of the heating rate and the rate at which a wafer ( e . g . , 
the heat source 402 and a transformed portion 404b that has the first wafer 403 ) is brought in view of the heat source 402 . 
been transformed to heat from the heat source 402 . 30 The heating rate can be a function of the heating power ( e . g . , 

An untransformed film can include a polymeric mixture power supplied to an infrared bulb ) . 
that has not been exposed to heat from the heat source 402 . In some cases , a uniform distribution of three - dimen 
The polymeric mixture is included in a film adjacent to a sional structures is formed in a polymeric matrix by moving 
substrate , such as a semiconductor ( e . g . , silicon ) substrate . an unprocessed wafer below the heat source 402 at a rate of 
The polymeric mixture can include a mixture of a first 35 at least about 0 . 1 millimeters ( mm ) per minute , or 1 mm per 
polymeric material and second polymeric material , as minute , or 10 mm per minute , or 100 mm per minute , or 
described herein . In an example , the first polymeric material more . In some cases , a uniform distribution of three - dimen 
is polystyrene and the second polymeric material is a block sional structures is formed in a polymeric matrix by heating 
copolymer , such as poly ( methyl methacrylate ) ( PMMA ) , an unprocessed wafer at a rate of at least about 1 K per 
poly ( dimethylsiloxane ) ( PDMS ) , poly ( ethylene oxide ) 40 minute , or 10 K per minute , or 100 K per minute , or more . 
( PEO ) , poly ( 4 - vinylpyridine ) ( P4VP ) , poly ( 2 - vinylpyridine ) In some embodiments , the system 400 aids in the forma 
( P2VP ) , poly ( styrene - b - dimethylsiloxane ) ( PS - b - PDMS ) , tion of a mask having three - dimensional structures uni 
poly ( styrene - b - ethylene oxide ) ( PS - b - PEO ) , poly ( styrene - b formly distributed in a polymeric matrix . In some situations , 
4 - vinylpyridine ) ( PS - b - P4VP ) , poly ( styrene - block - 2 - vi - the mask has little to no domain boundaries and may have 
nylpyridine ) ( PS - b - P2VP ) , or mixtures thereof . 45 the configuration suitable to form elements with structures 

The second wafer 404 includes an untransformed portion ( e . g . , holes ) uniformly distributed , as described above in the 
404a and a transformed portion 404b . The transformed context of FIGS . 3A and 3B . 
portion 404b has been exposed to heat from the heat source In some embodiments , the conveyor assembly 401 can be 
402 , which has facilitated a phase separation of the second included in a controlled environment , such as an enclosure 
polymeric material from the first polymeric material . The 50 for providing vacuum or a supply of an inert gas ( e . g . , Ar , 
transformed portion 404b includes three - dimensional struc - Ne , N2 , He ) . The enclosure in some cases is a vacuum 
tures in a polymeric matrix adjacent to the second wafer . The chamber , which can be used for vapor delivery and / or 
third wafer 405 includes a transformed film and little to no evacuation . FIGS . 5A and 5B schematically illustrate an 
untransformed film . The third wafer , having passed below enclosure 405 having the conveyor system 401 . The enclo 
the heat source 402 , includes a transformed film with 55 sure 405 can be a glass or stainless steel enclosure , for 
three - dimensional structures in a polymeric matrix . example . The enclosure 405 can enable vapor or vacuum 

During processing , an untransformed film adjacent to a annealing . In some situations , the enclosure 405 is in fluid 
wafer , as supported on the conveyor assembly 401 , is communication with a pumping system having one or more 
directed ( along the direction indicated by the arrow ) to an vacuum pumps for providing a predetermined pressure 
area between the conveyor system 401 and the heat source 60 within the enclosure . 
402 . The area can be illuminated by the heat source 402 if In some embodiments , the heat source 402 can be sup 
the heat source is a radiative heat source . Upon exposure to ported on a rail ( or track ) 406 to enable the position of the 
heat from the heat source 402 , the untransformed film is heat source 402 to be adjusted , as schematically illustrated 
converted to a transformed film . in FIGS . 6A and 6B . The rail 406 in some cases can include 

In an example , during processing the first wafer 403 is 65 a motor or other mechanism ( e . g . , piezzo ) to aid in adjusting 
brought in view of the heat source 402 with the aid of the the location of the heat source along the direction indicated 
conveyor system 401 . As the first wafer 403 passes in line by the two - way arrow . In some cases , the rail 406 can enable 
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an angle of the heat source in relation to the conveyor system sional structures are in a random arrangement . In some 
401 , the unprocessed wafer 403 and / or the processed wafer cases , the three - dimensional structures are arranged in 
404 to be adjusted . groups . Each group can have a predetermined distribution of 

In some situations , the conveyor assembly 401 can be the three - dimensional structures . The three dimensional 
precluded and wafers can be supported on an immovable 5 structures can be asymmetric , having lengths longer than 
support platform , such as , for example , a platform config - their widths ( or diameters ) . 
ured to hold or support one or more wafers but remain The mask can be formed of a first polymeric material , 
stationary in relation to the heat source 402 . The platform in such as polystyrene , and the three - dimensional structures 
some cases is a susceptor , which can be a heated susceptor . can be formed of a second polymeric material , such as 
In the illustrated example of FIGS . 6A and 6B , wafers are 10 PMMA . The mask is formed by providing a polymeric 
supported on an immovable support platform 407 . Heat to mixture comprising the first and second polymeric materials , 
the wafers 403 , 404 and 405 is supplied by the heat source and coating the mixture onto the substrate using , for 
402 that can be moved and brought in line - of - sight of the example , a spin coater or other systems and devices that may 
wafers 403 , 404 and 405 with the aid of the rail 406 . be used in semiconductor fabrication , such as , for example , 

A heat source can be optically coupled to an optical 15 dip coater , ink jet printing , spray coating , drop casting , layer 
system for directing radiant energy to a polymeric material by layer coating using the Langmuir - Blodgett trough . In 
adjacent to a wafer . FIG . 7 shows an optical system 700 some cases , a spin coater is used to coat the mixture onto the 
having a focusing lens 701 for directing light 702 to an substrate . A spin coater can be operated at between about 
exposed surface of a wafer 703 having a film comprising a 100 revolutions per minute ( RPM ) and 10 , 000 RPM , or 
transformed and / or untransformed polymeric matrix . In an 20 1000 and 4000 RPM , or 2000 and 3000 RPM , for a time 
example , light 702 is spatially and temporally coherent light period of at least about 1 second , 2 seconds , 3 seconds , 4 
( e . g . , laser light ) or infrared radiation . The focusing lens seconds , 5 seconds , 10 seconds , 15 seconds , 20 seconds , 25 
generates a spot 704 on the film , which can be used to define seconds , 30 seconds , 35 seconds , 40 seconds , 45 seconds , 50 
a rastering pattern by moving the wafer 703 , the focusing seconds , 55 seconds , 1 minute , 5 minutes , 10 minutes , 30 
lens 701 and / or a source of light 702 . In some situations , the 25 minutes , 1 hour , 12 hours , 24 hours , or more . 
rastering pattern can be serpentine , spiral , circular , box - like After coating the polymeric mixture over the substrate , 
( e . g . , square , rectangular ) , or sinusoidal . The surface of the the substrate can be heated , such as with the aid of the 
wafer 703 includes an untransformed region 703a and a system 400 and the optical system 700 . In an example , the 
transformed region 703b . substrate is directed along the conveyor assembly of 401 of 

The system 400 of FIGS . 4 - 6 and the optical system 700 30 FIGS . 4 and 5 and heated with the aid of the heat source 402 
of FIG . 7 can be used to form a mask adjacent to a substrate to convert , at a predetermined rate , an untransformed film 
( or wafer ) , which can be subsequently used to form an having the polymeric mixture to a transformed film having 
element having a plurality of holes in the substrate , such as three - dimensional structure defining a pattern . In some 
a semiconductor substrate ( e . g . , silicon ) , or a plurality of embodiments , upon heating , the second polymeric material 
wires formed from the substrate . The element can be formed 35 phase separates in a matrix of the first polymeric material to 
by using the mask to define a pattern of metallic material form the three - dimensional structures . The mask can be 
adjacent to a surface of the substrate , and using the metallic formed of a block copolymer having the first polymeric 
material to catalytically etch the substrate to define a pattern material and second polymeric material . 
of holes or wires . In some embodiments , after the mixture is applied ( e . g . , 

The system 400 and 700 can be used to form a mask 40 spin - coated ) to the substrate , the system 400 can be used to 
having an array of uniformly distributed holes in a poly - heat ( or anneal ) the substrate at a temperature between about 
meric matrix , which can be subsequently used to catalyti - 100° C . and 300° C . , or 150° C . and 250° C . , or 180° C . and 
cally form an array of holes or wires in the substrate , the 210° C . for a period of at least about 1 second , or 10 seconds , 
array having uniformly distributed holes or wires . or 30 seconds , or 1 minute , or 10 minutes , or 20 minutes , or 

In an example , the system 400 is used to form a mask ( or 45 30 minutes , or 1 hour , or 2 hours , or 3 hours , or 4 hours , or 
template ) having three - dimensional structures provided over 5 hours , or 6 hours , or 12 hours , or 24 hours , or 48 hours . 
a substrate . The substrate can be a semiconductor substrate , In some situations , the substrate can then be irradiated with 
such as a silicon substrate ( e . g . , n - type or p - type silicon ) . ultraviolet light ( e . g . , 254 nm UV light ) for a period of at 
The three - dimensional structures can be cylinders ( or rods ) . least about 1 min , or 2 min , or 3 min , or 4 min , or 5 min , or 
Alternatively , the three - dimensional structures can have 50 10 min , or 15 min , or 20 min , or 25 min , or 30 min . 
other shapes ; in some examples , the three - dimensional Following formation of a transformed film adjacent to the 
structures can be triangular , square , or rectangular . The substrate , the second polymeric material ( including the 
three - dimensional structures can have various sizes and three - dimensional structures ) is etched relative to the first 
distributions . In some situations , the three - dimensional polymeric material . The second polymeric material can be 
structures have widths ( or diameters ) between about 1 55 etched with the aid of an acid , such as , e . g . , nitric acid , acetic 
nanometer ( “ nm ” ) and 500 nm , or 5 nm and 100 nm , or 10 acid , hydrogen fluoride ( HF ) , hydrogen chloride ( HCl ) , 
nm and 30 nm . The three - dimensional structures can have a hydrogen bromide ( HBr ) , or hydrogen iodide ( HI ) , or other 
center - to - center spacing between about 1 nm and 500 nm , or etching chemistries , such as ozone or sodium hydroxide 
5 nm and 100 nm , or 10 nm and 30 nm . In some embodi - ( NaOH ) . In an example , if the second polymeric material is 
ments , the three - dimensional structures are distributed in an 60 formed of PMMA , the second polymeric material can be 
array of three - dimensional structures that is monodisperse . etched using acetic acid . Alternatively , gas phase etching can 
Monodisperse structures may have substantially the same be performed , such as , for example , reactive ion etching 
size , shape and / or distribution ( e . g . , cross - sectional distri using O2 , CF4 , CHFz or combinations thereof . Etching the 
bution ) . polymeric material generates holes in the mask . The holes 

In some situations , the three - dimensional structures are in 65 can expose a surface of the substrate adjacent to the mask . 
a close packing arrangement , such as a hexagonally close The exposed surface can include a layer of an oxide ( native 
packing arrangement . In other situations , the three - dimen - or thermally grown ) , such as a silicon oxide ( e . g . , silicon 
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dioxide ) if the substrate is formed of silicon . The oxide layer above . Next , an etching layer comprising a second metallic 
is removed by exposing the mask and the exposed portions material can be deposited on the etch block layer and 
of the substrate to an oxide etchant . In an example , the mask exposed portions of the substrate . The second metallic 
and exposed portions of the substrate are exposed to CF4 / 02 material can be selected from gold , silver , platinum , chro 
and / or a buffered oxide etch ( or a buffered hydrofluoric etch , 5 mium , molybdenum , tungsten , palladium , other metals ( e . g . , 
“ BHF ” ) . noble metals ) , or combinations thereof . The etching layer 
BHF can be a mixture of a buffering agent , such as can then be exposed to an oxidizing agent ( e . g . , O2 , NO , , 

ammonium fluoride ( NH _ F ) , and hydrofluoric acid ( HF ) . In H202 ) and a chemical etchant ( e . g . , HF ) to form rods ( or 
some cases , HC1 is added to a BHF solution in order to wires ) in the substrate , either simultaneously or sequentially 
dissolve insoluble products . In an example , a buffered oxide 10 ( i . e . , oxidizing agent after chemical etchant , or chemical 
etch solution comprises a 6 : 1 volume ratio of about 40 % etchant after oxidizing agent ) . The first and second metallic 
NH _ F in water to 49 % HF in water . This solution can etch materials on the rods can then be removed to leave rods ( e . g . , 
thermally grown oxide at a rate of at least about 0 . 1 , 0 . 5 , 1 , free - standing cylinders ) formed from the substrate . In some 
2 , 3 , 4 , 5 , 10 nanometers per second at 25° C . Exposing the situations , the bases of the rods are attached to the substrate . 
mask and the exposed portions of the substrate to an oxide 15 The disclosure provides various methods for forming 
etchant can remove the oxide layer from the exposed por - inclusions ( e . g . , holes , wires ) in or from a substrate , which 
tions of the substrate . can subsequently be used as a thermoelectric element ( e . g . , 

In some embodiments , during the substrate can be rinsed element 101 of FIG . 1 ) of a thermoelectric device . 
with an acid ( e . g . , acetic acid , HF , HI ) for a period of at least Metallurgical Methods 
about 1 min , or 2 min , or 3 min , or 4 min , or 5 min , or 10 20 Another aspect provides methods for forming inclusions 
min , or 15 min , or 20 min , or 25 min , or 30 min , and water by a metallurgical technique that can rely on the eutectic ( or 
for a period of at least about 1 second , or 10 seconds , or 30 near - eutectic ) solidification of a binary ( or in some cases 
seconds , or 1 min , or 2 min , or 3 min , or 4 min , or 5 min to ternary or quaternary ) phase alloy , which results in the 
remove the second polymeric material ( e . g . , PMMA ) and formation of rods or lamellar plate morphology in a solid . 
cross - linking a matrix having the first polymeric material . 25 The inclusions can be nanoinclusions , and the rods or 
Next , an etching layer is deposited on the mask and lamellar plates can have dimensions on the order of nano 

exposed portions of the substrate . The etching layer can meters to microns . This technique advantageously permits 
include a metallic material . In some embodiments , the the formation of a bulk thermoelectric material by self 
metallic material includes one or more elemental metals . For assembly . 
instance , the metallic material can include one or more 30 The binary phase alloy can comprise a first phase and a 
metals selected from gold , silver , platinum , chromium , second phase , which can be solid state phases . The second 
molybdenum , tungsten , palladium , other metals ( e . g . , noble phase can comprise a sacrificial material , which can be 
metals ) , or combinations thereof . The etching layer can be removed by etching to provide a solid matrix having the first 
deposited with the aid of various deposition techniques , such phase . The first phase can contain inclusions ( e . g . , nanoin 
as physical vapor deposition ( e . g . , sputtering , evaporative 35 clusions ) at locations in which the sacrificial phase ( second 
deposition ) , chemical vapor deposition ( CVD ) , atomic layer phase ) was removed . The size and shape of the inclusions 
deposition ( ALD ) , or electroplating . In some embodiments , can be controlled to various dimensions , such as nanoscopic 
the etching layer , as formed , has a thickness between about dimensions , by controlling the cooling rate as well as the 
1 nm to about 500 nm , or 5 nm and 100 nm , or 10 nm and spacing between the inclusions . This approach can be used 
30 nm . The etching layer can be formed on the mask and the 40 to form inclusions having rods or holes with dimensions and 
exposed portions of the substrate . properties described elsewhere herein . Nanoscopic dimen 
Next , the mask is removed to leave an array ( or pattern ) sions , both for the size of the nanoinclusions and spacing , 

of metallic material from the etching layer on the substrate . may be preferable in some cases so that phonon scattering is 
In some embodiments , the array of metallic material is enhanced and thermal conductivity is reduced . 
monodisperse . Next , the metallic material of the etching 45 In an example , a mixture comprising a first solid state 
layer and exposed portions of the substrate are exposed to an material and a second solid state material is heated to a 
oxidizing agent ( e . g . , 0z , NO2 , H2O , ) and a chemical temperature that is at or above a eutectic temperature of an 
etchant ( e . g . , HF ) , either simultaneously or sequentially ( i . e . , alloy comprising the first and second solid state materials , 
oxidizing agent after chemical etchant , or chemical etchant and the mixture is subsequently cooled to a temperature 
after oxidizing agent ) . In some embodiments , the metallic 50 below the eutectic temperature to provide the alloy phase 
material facilitates a catalytic oxidation of the substrate at separated in a solid state matrix comprising one of the first 
the metal - substrate interface , thereby forming an oxide solid state material or the second solid state material . The 
between the metallic material and the substrate . The chemi - alloy can be removed ( e . g . , selectively etched ) to provide the 
cal etchant ( also “ etchant ” herein ) then removes the oxide . solid state matrix with inclusions ( e . g . , holes ) therein . In 
Subsequent oxidation of the substrate and removal of an 55 some cases , the first solid state material comprises a semi 
oxide formed between the metallic material and the substrate conductor , such as silicon , silicon - germanium alloy , germa 
generates holes in the substrate . In some embodiments , the nium , silicon carbide . The second solid state material can 
holes have lengths that are longer than the widths ( or comprise titanium , magnesium , aluminum , nickel , palla 
diameters ) of the holes ( i . e . , the holes are anisotropic ) . The dium , platinum . 
metallic material can then be removed with the aid of a 60 In some embodiments , the rod or lamellar plates form at 
chemical etchant to leave holes in the substrate . or near the eutectic composition of the binary phase alloy . 

Alternatively , an etch block layer comprising a first metal - This can be accomplished by weighing the starting two 
lic material can be deposited on the mask and exposed elemental solids at the eutectic composition and then adding 
portions of the substrate . In some cases , the first metallic them to a crucible that is heated above the eutectic tempera 
material includes one or more metals selected from chro - 65 ture of the alloy to form a liquid melt . The melt is then 
mium , molybdenum , tungsten , titanium and niobium . The rapidly cooled via a quench . The quench can be performed 
mask can be removed to expose the substrate , as described in oil or with the aid of a splat method , which can involve 
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placing the molten liquid on a cold plate . In such a case , the melting , or , alternatively , can be introduced during the 
molten liquid can solidify rapidly . The morphology of the melting and / or subsequent growth . 
solidified material can include a nanoscale rod - like phase Nanoimprint Lithography Methods 
embedded in the other host phase material or adjoining Another aspect provides methods for forming inclusions 
lamellar plates of both phases . The rod - like phase can be 5 using lithography . Nanoimprint lithography , stamping , or 
removed by etching , such as chemical ( e . g . , HF etching ) hot embossing techniques can generate nanoscopic patterns 
and / or mechanical etching ( e . g . chemical mechanical pol in a resist or other mask material by the mechanical defor ishing ) . Similarly , one of the lamellar phases can be removed mation of the resist by a mold . The resist can be a polymer by etching . The result is a bulk thermoelectric material with resist , such as a curable polymer resist . The mold can nanoinclusions that scatter phonons and reduce thermal 10 include one or more predefined patterns of features , such as conductivity . circular or square pillars that have diameters and sizes on the An example material is the silicon - titanium binary phase nanometer scale . The mold can be formed by photolithog material . At or near the eutectic point the two solid phases raphy , such as electron beam lithography . Nanoimprint are Si and titanium silicide ( e . g . , TiSiz ) . The silicon phase 
can be doped n - type or p - type based on the desired doping 15 lithography can advantageously be performed on any ther 
configuration of the thermoelectric element . The titanium moelectric material system and can have high throughput . 
silicide can self - assemble into rods in the silicon matrix . The FIG . 9 schematically illustrates a method for forming 
diameters of the rods can be controlled by adjusting or inclusions ( e . g . , holes ) in a substrate . The method illustrated 
otherwise selecting the cooling rate during solidification . in FIG . 9 transfers a pattern of holes or wires from a template 

In an example , the silicon - titanium binary phase alloy is 20 to a mask , which pattern is subsequently used to form a 
formed by loading a crucible with silicon and titanium ( e . g . , pattern of inclusions ( e . g . , nanoinclusions ) in the substrate . 
silicon and titanium solids ) . The proportions of silicon and In a first step , a mask 900 is formed by spin coating a 
titanium can be selected to form a binary phase alloy having polymeric material onto a bulk or thin film substrate 905 , 
silicon and TiSiz . In an example , the ratio of silicon to such as an n - type or p - type semiconductor material ( e . g . , 
titanium is about 3 : 1 by weight . The crucible is then heated 25 silicon ) . Next , a template 910 comprising a pattern of pillars 
to a temperature of about 1330° C . or higher , and subse - 915 is brought adjacent to the mask 900 . The pillars 915 on 
quently rapidly cooled to room temperature . The cooling the mold are then pressed into the polymer 900 and the 
rate can be at least about 1 K / s , 10 K / s , or 100 K / s . This polymer is expelled or otherwise removed from below ( or to 
forms a binary phase alloy comprising TiSi , in a Si host the side of the pillars . This can form a polymer film with 
matrix . The TiSi , can be disposed in the Si in the form of 30 nanoscopic circular or square voids 920 . Next , a layer 925 
rods . The rod density and uniformity can be controlled via of a metallic material is deposited on the mask 900 . The 
directional solidification or Czochralski like growth . The metallic material can include gold , silver , platinum , chro 
TiSi , is then removed from the Si host matrix via an etching mium , molybdenum , tungsten , palladium , and other metals 
process , such as a chemical etching process that selectively ( e . g . , noble metals ) . The mask 900 is then removed , which 
removes TiSi , but not the silicon host matrix material . In an 35 removes the polymer of the mask 900 along with the metal 
example , hydrofluoric acid , or sulfuric acid with an oxidizer on top of the polymer . Metals that fill the voids 920 remain 
( e . g . , H2O2 ) , can be used to selectively remove TiSiz . The as particles 930 on the surface , which are used as catalysts 
resultant material is a bulk silicon ingot with nanoinclusions to catalytically etch the substrate 905 and transfer the pattern 
( here , holes ) that scatter phonons and reduce thermal con into the substrate 905 . In some examples , the pattern is 
ductivity . The reduced thermal conductivity can increase 40 formed in the substrate 905 with the aid of a wet etch . Such 
thermoelectric device efficiency . an approach can be used to form a pattern of holes in the 

FIG . 8 shows a method for forming inclusions by pro - substrate 905 . Forming the patter of particles in the substrate 
viding a binary phase comprising a first phase 800 ( e . g . , 905 creates nanoinclusions 935 in the substrate 905 , thereby 
silicon ) having a second phase 805 ( e . g . , TiSiz ) formed reducing thermal conductivity and increasing device effi 
therein . The first phase 800 and second phase 805 can be 45 ciency . 
formed by providing a first and second material , and heating As an alternative , the particles 930 can be formed of a first 
the materials to a eutectic point of the binary phase alloy . metallic material and a second metallic material ( not shown ) 
The second phase 805 extends from an exposed top surface can be deposited on the substrate 905 . Next , an etching 
of the first phase 800 into the bulk of the first phase 800 . The chemistry catalytically etches the substrate 905 with the aid 
binary phase can define rods ( FIG . 8 , left ) or plates ( FIG . 8 , 50 of the second metallic material , and the first metallic mate 
right ) extending into the first phase 800 , which rods or plates rial masks ( or shields ) the substrate 905 from etching 
are phase separated from the first phase 800 . Next , the portions of the substrate 905 below the first metallic mate 
second phase 805 is selectively etched in relation to the first rial . Such an approach can be used to form a pattern of 
phase 800 , which etching removes the material comprising pillars ( or wires ) from the substrate 905 . 
the second phase 805 to generate holes 810 bounded by the 55 As an alternative , the pillars 915 can be precluded and the 
first phase 800 . The holes 810 extend through the first phase template 910 comprises a pattern of holes . Pressing the 
800 . By selectively etching the second phase 805 in relation template 910 against the mask 900 forms pillars ( or rods ) in 
to the first phase 800 , the material comprising the second the mask 900 . The pillars are part of a pattern of pillars in 
phase 805 can be removed at a rate that is greater than the the mask 900 . Portions of the substrate 905 are exposed 
rate at which the material comprising the first phase 800 is 60 through the mask 900 . An etching layer can then be depos 
removed . This method can be used to form holes in a matrix ited on the exposed portions of the substrate , which can be 
or cross - linked wires . In the case of cross - linked wires , used to catalytically transfer the pattern of pillars to the 
portions of the first phase 800 can be interconnected . substrate 905 to form pillars ( or rods ) from the substrate 905 . 

Thermoelectric modules can require both p and n - type A pattern of features over the substrate 905 can be 
elements for operation . The metallurgical techniques of the 65 transferred to the substrate 905 with the aid of various 
disclosure can allow for ease of doping , since the dopant methods of the disclosure , such as the catalytic methods 
atoms are introduced in the starting material before the described above and elsewhere herein . The resulting sub 
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strate 905 with the pattern of features ( e . g . , holes or rods ) solvent , and the liquid or solvent can be subsequently mixed 
can subsequently be used as a thermoelectric element of a to provide the solution 1002 comprising the metallic par 
thermoelectric device . ticles 1005 
Nanoparticle Templating Methods The substrate 1000 can be mechanically coupled to a 

Another aspect provides methods for forming inclusions 5 support member to assist in directing the substrate 1000 into 
in a substrate by generating a pattern of features on the or out of the solution 1002 . The support member can be 
substrate and subsequently transferring the pattern to the attached to an actuator ( e . g . , motor ) to effect the motion of 
substrate . The pattern of features can be a close packed the substrate 1000 into or out of the solution 1002 . 
pattern of features . In some embodiments , nanoparticle Photolithographic Methods 
templating using solvents , dip coating , or Langmuir 10 Another aspect provides methods for forming inclusions 

( e . g . , holes or wires ) in a substrate by using photolithogra Blodgett is used to generate a close packed pattern of phy to define a pattern of features in a mask , and subse nanoparticles on a surface of a substrate , which pattern is quently transferring the pattern to the substrate to form the then used either as metal catalysts for a wet etch into the inclusions . The pattern can be transferred to the substrate by substrate ( see below ) , or as a template for metal liftoff . Metal 15 providing a catalytic material that facilitates the etching of nanoparticles can be self - assembled using solvent evapora the substrate to transfer the pattern of features in the mask 
tion over large areas , such as areas in excess of 0 . 001 mm , to the substrate , thereby forming holes or inclusions in the 
0 . 01 mm , 0 . 1 mm , 1 mm , 2 mm , 3 mm , 4 mm , 5 mm , or 10 substrate . 
mm in diameter . Dip coating can allow for the self - assembly With reference to FIG . 11 , in a first step , a photoresist 
of nanoparticles , as do Langmuir - Blodgett techniques . 20 1100 is provided adjacent to a substrate 1105 . The substrate 

FIG . 10 schematically illustrates a method for forming 1105 can be a semiconductor substrate , such as silicon . The 
inclusions in a substrate 1000 . The substrate 1000 is dipped substrate 1105 can be doped n - type or p - type , or in some 
into a solution 1002 having metallic particles 1005 as cases intrinsic . The photoresist 1100 can be formed of a 
emulsions . The metallic particles 1005 can be suspended on polymeric material , such as a curable polymeric material . 
or towards a surface of the solution 1002 . The substrate 1000 25 The mask 1100 in some cases is a photoresist that is 
is withdrawn from the solution 1002 ( up arrow ) to provide spin - coated onto the substrate 1105 . 
the metallic particles 1005 from the emulsion on or adjacent Next , a mask 1110 is brought in view of the photoresist 
to one or more surfaces of the substrate 1000 , such as 1100 . The mask 1110 can include features 1115 that corre 
opposing surfaces of the substrate 1000 , as illustrated . The spond to inclusions to be formed in the substrate 1105 . The 
metallic particles 1005 may be adsorbed to the one or more 30 30 mask 1110 is then exposed to electromagnetic radiation to 
surface of the substrate 1000 . In some cases , certain surface expose portions of the photoresist 1100 to light . In some 
of the substrate 1000 can be coated to prevent metallic cases , the electromagnetic radiation can include photons 

with energies in the X - ray or ultraviolet portion of the particles 1005 from adsorbing on the surfaces . electromagnetic spectrum . Alternatively , the photoresist In some examples , the substrate 1000 is kept in the in te 35 1100 , through the mask 1110 , can be exposed to an electron solution 1002 for a time period of at least about 0 . 1 seconds , beam . In some embodiments , exposing portions of the 
1 second , 2 seconds , 3 seconds , 4 seconds , 5 seconds , 10 photoresist 1100 to light cures the exposed portions of the 
seconds , 20 seconds , 30 seconds , 1 minute , 10 minutes , 30 photoresist 1100 , but not the unexposed portions . 
minutes , 1 hour , 2 hours , 3 hours , 4 hours , 5 hours , 6 hours , In some cases , the features 1115 are sized and shaped to 
12 hours , or 1 day prior to being withdrawn from solution . 40 provide holes of desired shapes and sizes in the photoresist 
In some cases , the substrate 1000 is directed into the solution 1100 . Such sizes and shapes can be selected to take into 
1002 at a rate of at least about 0 . 001 m / s , 0 . 01 m / s , 0 . 1 m / s , account the interference of light . 
1 m / s , 5 m / s , 10 m / s , or 100 m / s . The substrate 1000 can be Following exposure of portions of the photoresist 1100 to 
withdrawn from the solution 1002 at a rate of at least about light , the template 1110 can be removed and the exposed 
0 . 001 m / s , 0 . 01 m / s , 0 . 1 m / s , 1 m / s , 5 m / s , 10 m / s , or 100 45 portions of the photoresist 1100 can be removed to provide 
m / s . features 1120 ( e . g . , holes ) in the photoresist 1100 . The 

The metallic particles 1005 define a pattern of particles , exposed portions of the photoresist 1100 can be removed by 
which can be catalytically transferred to the substrate 1000 contacting the photoresist 1100 with a washing solution , 
to form holes 1010 , as described elsewhere herein . For such as water , or in some cases selectively dissolving ( e . g . , 
instance , the metallic particles 1005 can be exposed to an 50 with the aid of a resist developer ) the exposed portions in 
oxidizing agent ( e . g . , O2 , NO , , H , O , ) and a chemical relation to the unexposed portions of the photoresist 1100 . 
etchant ( e . g . , HF ) . Alternatively , the metallic particles can Selective dissolution can be performed with the aid of a 
serve as an etch block layer , and an etching layer can be used resist developer , such as , for example , conventional devel 
to form rods ( or wires ) from the substrate 1000 with the aid opers based upon tetramethylammonium hydroxide . The 
of another , as described elsewhere herein . 55 photoresist 1100 with the features 1120 can then serve as a 

The solution 1002 can be formed by providing metallic mask having a pattern of the features 1120 that can be 
particles 1005 into a liquid or solvent , such as , for example , transferred to the substrate 1105 . In some cases , the features 
water . In some cases , the solution 1002 can be mixed to help 1120 are holes that extend to the substrate 1105 . 
prevent agglomeration of the metallic particles 1005 into Next , a layer 1125 of metallic material is deposited on the 
larger particles , or to help maintain a given particle size 60 photoresist 1100 and on portions of the substrate 1105 that 
distribution of the metallic particles 1005 in the solution are exposed through the features 1120 . The photoresist 1100 
1002 . In some examples , the metallic particles 1005 have a is then removed , such as with the aid of an etching chem 
particle size distribution of at least about 1 nanometer ( nm ) , istry , to provide metallic particles 1130 adjacent to the 
5 nm , 10 nm , 50 nm , or 100 nm in the solution 1002 . To form substrate 1105 . The metallic particles 1130 can have a square 
the solution 1002 comprising the metallic particles 1005 , a 65 or hexagonal packing arrangement , for example . 
powder or other solid form comprising the material of the Next , the metallic particles 1130 and the substrate 1105 
metallic particles 1005 can be provided into the liquid or are exposed to an oxidizing agent ( e . g . , O3 , NO2 , H202 ) and 
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an etchant ( e . g . , HF ) . In some embodiments , the metallic with the aid of a chemical etching chemistry or a mechanical 
particles 1130 facilitate a catalytic oxidation of the substrate etching process , such as chemical mechanical polishing 
1105 at the metal - substrate interface , thereby forming an ( CMP ) . In an example , CMP is used to remove the portion 
oxide between the metallic material and the substrate . An 1210 by incrementally removing one or more layers of the 
etchant then removes the oxide . Subsequent oxidation of the 5 portion 1210 . 
substrate 1105 and removal of an oxide formed between the In the illustrated example of FIG . 12 , inclusions are holes 
metallic particles 1130 and the substrate 1105 can generate 1205 , but wires may be formed from the substrate 1200 , 
holes 1135 in the substrate 1105 . The holes 1135 can have such as by initially etching the substrate 1200 to form wires 
distributions and dimensions described elsewhere herein . In along the width 1215 of the substrate 1200 that is less than 
some embodiments , the holes 1135 have lengths that are 10 50 % of the width . 
longer than the widths ( or diameters ) of the holes ( i . e . , the Metal Particle Deposition Methods 
holes are anisotropic ) . The metallic particles 1130 can then Another aspect provides methods for forming inclusions 
be removed with the aid of an etchant to leave holes 1135 in by catalytically etching a substrate , such as silicon . The 
the substrate 1105 . catalyst for facilitating the etching is provided by providing 

Alternatively , an etch block layer comprising a first metal - 15 an etching layer adjacent to a substrate . The etching layer 
lic material can be deposited on the photoresist 1100 and can be deposited on or adjacent to the substrate . In some 
portions of the substrate 1105 that are exposed through the cases , the metal particles can be deposited by a galvanic 
features 1120 . In some cases , the first metallic material can process that involves the reduction of metal ions in solution 
include one or more metals selected from chromium , molyb coupled with the oxidation of the substrate . Such an 
denum , tungsten , titanium and niobium . The photoresist 20 approach can be used with various methods and processes 
1100 can be removed to expose the substrate 1105 . Next , an described herein , such as the method described in the 
etching layer comprising a second metallic material can be context of FIGS . 9 , 11 and 12 . 
deposited on the etch block layer and exposed portions of the In some embodiments , metal ions in a solution of water 
substrate 1105 . The second metallic material can be selected and an acid ( e . g . , hydrofluoric acid ) can be reduced on a 
from gold , silver , platinum , chromium , molybdenum , tung - 25 surface of a semiconductor ( e . g . , silicon surface ) , and the 
sten , palladium , other metals ( e . g . , noble metals ) , or com - semiconductor is concurrently oxidized . This leads to metal 
binations thereof . The second metallic material can then be deposition adjacent to the semiconductor . Metal atoms 
exposed to an oxidizing agent ( e . g . , 03 , NO , H , O , ) and an deposit at locations at which the semiconductor is exposed 
etchant ( e . g . , HF ) , which catalyzes the formation of cylin - to the solution having the metal ions . 
ders ( or rods ) in the substrate 1105 . Any first and second 30 In an example , a mask is provided adjacent to a silicon 
metallic material on the cylinders can then be removed , such substrate using a block copolymer pattern in a polystyrene 
as with the aid of a mechanical etching process ( e . g . , CMP ) , matrix . A pattern of holes is then defined in the mask by 
to leave cylinders ( e . g . , free - standing cylinders ) formed removing PMMA that has phase separated from polystyrene 
from the substrate 1105 . In some situations , the bases of the ( see above ) . Each hole of the pattern of holes exposes a 
cylinders are attached to the substrate 1105 . 35 portion of a surface of the silicon substrate . The exposed 

In some embodiments , inclusions , such as holes , are portions of the silicon substrate and the mask are then 
formed substantially through a substrate . That is , a substan - exposed to a solution having metal ions ( e . g . , Au ions ) , 
tial portion of a substrate is used to form inclusions . In other which can result in metal atoms depositing on exposed 
situations , inclusions are formed through a portion of a portions of the silicon substrate from solution . The mask can 
substrate , and the remainder of the substrate is removed . For 40 then be removed to provide a pattern of metal particles on 
example , inclusions can be formed through at most 1 % , 2 % , the silicon substrate , which metal particles can be used to 
3 % , 4 % , 5 % , 6 % , 7 % , 8 % , 9 % , 10 % , 20 % , 30 % , 40 % , 50 % , catalyze the etching of the silicon substrate to form inclu 
60 % , 70 % , 80 % , 90 % , or 99 % of the width ( i . e . , direction sions ( e . g . , rods or holes ) . 
from one surface of the substrate to another , parallel sur As an alternative approach for forming a pattern of 
face ) . This can permit inclusions to be formed in substrates 45 metallic particles on a semiconductor substrate , a layer of 
of various widths without the need to set processing param - metallic particles is deposited on the semiconductor sub 
eters to form the inclusions through the entirety of the strate by a deposition technique ( e . g . , physical vapor depo 
substrate . sition , chemical vapor deposition ) . The layer of metallic 

FIG . 12 shows a substrate 1200 having holes 1205 formed particles can then be de - wetted upon exposure to a heat 
in a portion of the substrate 1200 . The holes 1205 extend 50 source ( e . g . , hot plate ) , which raises the temperature of the 
through a portion 1209 of the substrate 1200 , as indicated by layer of metallic particles to an elevated temperature , such 
the dashed lines . The holes 1205 extend along a direction as a temperature above 500° C . , 600° C . , 700° C . , 800° C . , 
that is parallel to a width 1215 of the substrate 1200 . The 900° C . , 1000° C . , 1500° C . , or higher . De - wetting the layer 
holes in the illustrated example extend through less than of metallic particles produces a random array of metallic 
50 % of the substrate 1200 . The holes can be formed with the 55 particles , such as nanoparticles , which can be subsequently 
aid of any of the methods described above or elsewhere used to catalytically etch the semiconductor substrate to 
herein . For example , the holes 1205 can be formed by form inclusions . 
depositing metallic particles on the substrate 1200 , and FIGS . 13A - 13C schematically illustrate a process for 
exposing the metallic particles and the substrate 1200 to an catalytically etching a silicon substrate , in accordance with 
oxidizing agent and an etchant to catalytically etch the 60 an embodiment of the present disclosure . The illustrated 
substrate 1200 . Exposure of the substrate 1200 and the process can be applied to various semiconductor materials . 
metallic particles to the oxidizing agent and the chemical In FIG . 13A , an etching layer comprising silver as an etching 
etchant can be timed such that etching is not through catalyst is deposited on a silicon substrate . The silicon 
substantially all of the substrate 1200 . substrate and the catalyst are exposed to an oxidizing agent , 
Once the holes 1205 are formed , a portion 1210 of the 65 such as hydrogen peroxide ( H2O2 ) , to form silicon dioxide , 

substrate 1205 that does not have the holes 1205 can be which is then contact with a chemical etchant , such as 
removed . The portion 1210 in some cases can be removed hydrofluoric acid ( HF ) , to remove the silicon dioxide ( FIG . 
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13B ) . Further exposure of the silicon substrate and the FIG . 15 schematically illustrates a process for catalyti 
catalyst to the oxidizing agent and the chemical etchant cally transferring a pattern to a substrate 1501 , in accordance 
forms an array of holes in the silicon substrate , as shown in with an embodiment of the present disclosure . In a first step , 
FIG . 13C . In some situations , the silicon substrate and the a first layer 1502 of particles having an etch block material 
catalyst are simultaneously contacted with the oxidizing 5 is formed on the substrate 1501 , as described elsewhere 
agent and the chemical etchant , while in other situations the herein , such as , e . g . , by forming a mask with a pattern of 
silicon substrate and the catalyst are alternately and sequen - holes , depositing the first layer 1502 and removing the mask . 
tially contacted with the oxidizing agent and the chemical The first layer 1502 can include a plurality of particles . The 
etchant . material of the first layer 1502 can include one or more of 

The process of FIGS . 13A - 13C can be used to form a 10 chromium , molybdenum and tungsten . The particles of the 
pattern of holes or rods ( e . g . , wires ) in a substrate , such as first layer 1502 may be disposed directly on the substrate 
a semiconductor , insulating or metallic substrate . The pat - 1501 , or , alternatively , on one or more intervening layers on 
tern can include domains that are substantially periodic . In the substrate 1501 , such as an oxide layer ( e . g . , a native 
some cases , the pattern includes domains that are substan - oxide layer ) . A second layer 1503 having a metallic material 
tially non - periodic . 15 is then deposited on the first layer 1502 , as described 

FIG . 14 schematically illustrates a process for catalyti elsewhere herein . The material of the second layer 1503 may 
cally transferring a pattern to a substrate 1401 , in accordance be different from the material of the first layer 1502 . The 
with an embodiment of the present disclosure . The substrate metallic material of the second layer 1503 can include one 
1401 can be formed of one or more semiconductor materials . or more of gold , silver , platinum , palladium and other noble 
The pattern is characterized by the distribution of particles 20 metals . Next , the first layer 1502 and second layer 1503 are 
1402 of a metallic material on the substrate 1401 . The exposed to a chemical etchant and an oxidizing agent . With 
metallic material can include one or more of gold , silver , the first layer serving as a mask ( or etch block layer ) , the 
platinum , chromium , molybdenum , tungsten , palladium and metallic material of the second layer 1503 etches portions of 
other noble metals , and any combinations or alloys thereof . the substrate 1501 that are in contact with the second layer 
The particles 1402 can be formed as described elsewhere 25 1503 . Portions of the substrate 1501 that are in contact with 
herein , such as , e . g . , by forming a mask with a pattern of the first layer 1502 may not be etched . This provides a 
holes ( e . g . , nanoholes ) , depositing the metallic and remov - pattern of wires ( e . g . , nanowires ) 1504 in the substrate 1501 . 
ing the mask . The particles 1402 can be disposed directly on The material comprising the first layer 1502 and second 
the substrate 1401 , or , alternatively , on one or more inter layer 1503 may then be removed , such as with the aid of an 
vening layers on the substrate 1401 , such as an oxide layer . 30 etching chemistry that is selective to the metallic materials 
The metallic particles 1402 and the substrate 1401 are then and not the material comprising the substrate 1501 
exposed to a chemical etchant and an oxidizing agent to The pattern of wires 1504 may have a pitch 1505 that is 
anisotropically etch the substrate 1401 to provide a pattern less than or equal to about 5000 nanometers ( nm ) , or 1000 
of holes 1403 in the substrate 1401 . The particles 1402 can nm , or 500 nm , or 400 nm , or 300 nm , or 200 nm , or 100 nm , 
then be removed , such as with the aid of an etching 35 or 50 nm , or 40 nm , or 30 nm , or 20 nm , or 15 nm , or 10 nm , 
chemistry that is selective to the metallic material . The holes or 5 nm , or less . Exposed surfaces of each of the wires 1504 
1403 can then be formed with a secondary material , such as may have a roughness , as measured by transmission electron 
a semiconductor or dielectric material , to form inclusions . microscopy ( TEM ) , between about 0 . 5 nm and 50 nm , or 1 

The pattern of holes 1403 can have a pitch ( e . g . , center - nm and 20 nm , or 1 nm and 10 nm . 
to - center spacing between adjacent holes ) 1404 that is less 40 At least a fraction of the metallic material from the first 
than or equal to about 5000 nanometers ( nm ) , or 1000 nm , layer 1502 and / or the second layer 1503 may be deposited 
or 500 nm , or 400 nm , or 300 nm , or 200 nm , or 100 nm , or on the exposed surfaces of the wires 1504 . This may be the 
50 nm , or 40 nm , or 30 nm , or 20 nm , or 15 nm , or 10 nm , case if , for example , a residual amount of one or both of the 
or 5 nm , or less . Exposed surfaces of each of the holes 1403 metallic materials remains on the exposed surfaces of the 
can have a roughness , as measured by transmission electron 45 wires 1504 after removal of the first layer 1502 and the 
microscopy ( TEM ) , between about 0 . 5 nm and 50 nm , or 1 second layer 1503 . In some cases , the fraction of metallic 
nm and 20 nm , or 1 nm and 10 nm . material adsorbed on the exposed surfaces of the wires 1504 , 

At least a fraction of the metallic material from the taken against the number of surface atoms on the exposed 
particles 1402 can be deposited on the exposed surfaces of surfaces , is at least about 0 . 000001 % , 0 . 00001 % , 0 . 0001 % , 
the holes 1403 . This may be the case if , for example , a 50 0 . 001 % , 0 . 01 % , 0 . 1 % , 1 % , 5 % , 10 % , 15 % , or 20 % , as 
residual amount of the metallic materials remain after measured by XPS . In other cases , however , the fraction of 
removal of the particles 1402 . In some cases , the fraction of metallic material adsorbed on the exposed surfaces of the 
metallic material adsorbed on the exposed surfaces of the wires 1504 , taken against the number of surface atoms on 
holes 1403 , taken against the number of surface atoms on the the exposed surfaces , is at most about 0 . 000001 % , 
exposed surfaces , is at least about 0 . 000001 % , 0 . 00001 % , 55 0 . 00001 % , 0 . 0001 % , 0 . 001 % , 0 . 01 % , 0 . 1 % , 1 % , 5 % , 10 % , 
0 . 0001 % , 0 . 001 % , 0 . 01 % , 0 . 1 % , 1 % , 5 % , 10 % , 15 % , or 15 % , 20 % , or 25 % , as measured by XPS . In some situations , 
20 % , as measured by X - ray photoelectron spectroscopy the fraction of metallic material adsorbed on exposed sur 
( XPS ) . In other cases , however , the fraction of metallic faces of the wires 1504 , taken against the number of surface 
material adsorbed on the exposed surfaces of the holes 1403 , atoms on the exposed surfaces , is between about 0 . 000001 % 
taken against the number of surface atoms on the exposed 60 and 25 % , as measured by XPS . 
surfaces , is at most about 0 . 000001 % , 0 . 00001 % , 0 . 0001 % , A hole or wire of the disclosure may have a surface 
0 . 001 % , 0 . 01 % , 0 . 1 % , 1 % , 5 % , 10 % , 15 % , 20 % , or 25 % , as roughness that is suitable for optimized thermoelectric 
measured by XPS . In some situations , the fraction of metal device performance . In some cases , the root mean square 
lic material adsorbed on exposed surfaces of the holes 1403 , roughness of a hole or wire is between about 0 . 1 nm and 50 
taken against the number of surface atoms on the exposed 65 nm , or 1 nm and 20 nm , or 1 nm and 10 nm . The roughness 
surfaces , is between about 0 . 000001 % and 25 % , as mea can be determined by transmission electron microscopy 
sured by XPS . ( TEM ) or other surface analytical technique , such as atomic 
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force microscopy ( AFM ) or scanning tunneling microscopy a telecommunication and / or data network . The network 
( STM ) . The surface roughness may be characterized by a 1630 can include one or more computer servers , which can 
surface corrugation . enable distributed computing , such as cloud computing . The 

Exposed surfaces of holes or wires may be covered with network 1630 in some cases , with the aid of the system 
a layer of an oxide , such as a semiconductor oxide , metal 5 1601 , can implement a peer - to - peer network , which may 
oxide , or a semiconductor and metal oxide . In some cases , enable devices coupled to the system 1601 to behave as a 
the oxide is a native oxide , such as a native oxide or silicon client or a server . 
( e . g . , SiO2 ) . The system 1601 is in communication with a processing 

The doping configuration of thermoelectric elements of system 1635 for forming thermoelectric devices of the 
the disclosure may be selected to control the thermal con - 10 disclosure . The processing system 1635 can be configured to 
ductivity and thermoelectric power of a thermoelectric implement various operations to form holes or wires in a 
device having the thermoelectric elements . The thermal substrate 1640 in the processing system 1635 , such directing 
conductivity and the thermoelectric power may be con - an oxidizing agent and a chemical etchant to the substrate , 
trolled substantially independently of the electrical conduc - when appropriate , to form holes in , or wires from , the 
tivity of the thermoelectric elements by controlling dimen - 15 substrate . The processing system 1635 can be in communi 
sions and doping , respectively , of the thermoelectric cation with the system 1601 through the network 1630 , or by 
elements . As an example , the doping p - type or n - type doping direct ( e . g . , wired , wireless ) connection . In an example , the 
concentration of thermoelectric elements comprising holes processing system 1635 is a vacuum chamber . In another 
or wires may be controlled independently of the dimensions example , the processing system 1635 is a dry box . 
( e . g . , length , hole or wire diameters ) of the thermoelectric 20 Methods as described herein can be implemented by way 
elements . Various approaches for controlling thermal con of machine ( or computer processor ) executable code ( or 
ductivity and thermoelectric power of semiconductor software ) stored on an electronic storage location of the 
nanowires are described in U . S . Patent Publication No . system 1601 , such as , for example , on the memory 1610 or 
2009 / 0020148 ( “ METHODS AND DEVICES FOR CON electronic storage unit 1615 . During use , the code can be 
TROLLING THERMAL CONDUCTIVITY AND THER - 25 executed by the processor 1605 . In some examples , the code 
MOELECTRIC POWER OF SEMICONDUCTOR can be retrieved from the storage unit 1615 and stored on the 
NANOWIRES ” ) , which is entirely incorporated herein by memory 1610 for ready access by the processor 1605 . In 
reference . some situations , the electronic storage unit 1615 can be 
Methods described herein can be implemented using precluded , and machine - executable instructions are stored 

systems at ultrahigh vacuum , high vacuum , vacuum , low 30 on memory 1610 . 
pressure , ambient pressure or high pressure . In some cases , The code can be pre - compiled and configured for use with 
thermoelectric elements are formed at low pressure , such as a machine have a processer adapted to execute the code , or 
using a vacuum chamber . In other cases , thermoelectric can be compiled during runtime . The code can be supplied 
elements are formed in air . Alternatively , thermoelectric in a programming language that can be selected to enable the 
elements can be formed in an inert gas ( e . g . , N , Ar , He ) 35 code to execute in a pre - compiled or as - compiled fashion . 
atmosphere . Aspects of the systems and methods provided herein , such 
Computer Systems as the system 1601 , can be embodied in programming . 
Methods described herein can be automated with the aid Various aspects of the technology may be thought of as 

of computer systems having storage locations with machine - " products ” or “ articles of manufacture ” typically in the form 
executable code implementing the methods provided herein , 40 of machine ( or processor ) executable code and / or associated 
and one or more processors for executing the machine - data that is carried on or embodied in a type of machine 
executable code . readable medium . Machine - executable code can be stored 

FIG . 16 shows a computer system ( also “ system " herein ) on an electronic storage unit , such memory ( e . g . , read - only 
1601 programmed or otherwise configured to facilitate the memory , random - access memory , flash memory ) or a hard 
formation of thermoelectric devices of the disclosure . The 45 disk . " Storage ” type media can include any or all of the 
system 1601 can be programmed or otherwise configured to tangible memory of the computers , processors or the like , or 
implement methods described herein . The system 1601 associated modules thereof , such as various semiconductor 
includes a central processing unit ( CPU , also " processor ” memories , tape drives , disk drives and the like , which may 
and “ computer processor ” herein ) 1605 , which can be a provide non - transitory storage at any time for the software 
single core or multi core processor , or a plurality of proces - 50 programming . All or portions of the software may at times 
sors for parallel processing . The system 1601 also includes be communicated through the Internet or various other 
memory 1610 ( e . g . , random - access memory , read - only telecommunication networks . Such communications , for 
memory , flash memory ) , electronic storage unit 1615 ( e . g . , example , may enable loading of the software from one 
hard disk ) , communications interface 1620 ( e . g . , network computer or processor into another , for example , from a 
adapter ) for communicating with one or more other systems , 55 management server or host computer into the computer 
and peripheral devices 1625 , such as cache , other memory , platform of an application server . Thus , another type of 
data storage and / or electronic display adapters . The memory media that may bear the software elements includes optical , 
1610 , storage unit 1615 , interface 1620 and peripheral electrical and electromagnetic waves , such as used across 
devices 1625 are in communication with the CPU 1605 physical interfaces between local devices , through wired and 
through a communications bus ( solid lines ) , such as a 60 Optical landline networks and over various air - links . The 
motherboard . The storage unit 1615 can be a data storage physical elements that carry such waves , such as wired or 
unit ( or data repository ) for storing data . The system 1601 is wireless links , optical links or the like , also may be consid 
operatively coupled to a computer network ( “ network ” ) ered as media bearing the software . As used herein , unless 
1630 with the aid of the communications interface 1620 . The restricted to non - transitory , tangible “ storage ” media , terms 
network 1630 can be the Internet , an internet and / or 65 such as computer or machine “ readable medium ” refer to 
extranet , or an intranet and / or extranet that is in communi - any medium that participates in providing instructions to a 
cation with the Internet . The network 1630 in some cases is processor for execution . 
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Hence , a machine readable medium , such as computer - trations of embodiments of the invention ( s ) herein are not 
executable code , may take many forms , including but not meant to be construed in a limiting sense . Furthermore , it 
limited to , a tangible storage medium , a carrier wave shall be understood that all aspects of the invention ( s ) are 
medium or physical transmission medium . Non - volatile not limited to the specific depictions , configurations or 
storage media include , for example , optical or magnetic 5 relative proportions set forth herein which depend upon a 
disks , such as any of the storage devices in any computer ( s ) variety of conditions and variables . Various modifications in 
or the like , such as may be used to implement the databases , form and detail of the embodiments of the invention ( s ) will 
etc . shown in the drawings . Volatile storage media include be apparent to a person skilled in the art . It is therefore 
dynamic memory , such as main memory of such a computer contemplated that the invention ( s ) shall also cover any such 
platform . Tangible transmission media include coaxial 10 modifications , variations and equivalents . 
cables ; copper wire and fiber optics , including the wires that 
comprise a bus within a computer system . Carrier - wave What is claimed is : 
transmission media may take the form of electric or elec 1 . A method for forming a thermoelectric element , com 
tromagnetic signals , or acoustic or light waves such as those prising : 
generated during radio frequency ( RF ) and infrared ( IR ) data 15 ( a ) providing a mask adjacent to a substrate , said mask 
communications . Common forms of computer - readable comprising a polymeric mixture ; 
media therefore include for example : a floppy disk , a flexible ( b ) bringing a template having a first pattern comprising 
disk , hard disk , magnetic tape , any other magnetic medium , rods in contact with said mask to define a second 
a CD - ROM , DVD or DVD - ROM , any other optical pattern in said mask , wherein said second pattern 
medium , punch cards paper tape , any other physical storage 20 exposes portions of said substrate through said mask ; 
medium with patterns of holes , a RAM , a ROM , a PROM ( c ) depositing an etch block layer on said portions of said 
and EPROM , a FLASH - EPROM , any other memory chip or substrate exposed through said mask , wherein said etch 
cartridge , a carrier wave transporting data or instructions , block layer comprises a first metallic material , and 
cables or links transporting such a carrier wave , or any other removing said mask ; 
medium from which a computer may read programming 25 ( d ) subsequent to removing said mask , depositing an 
code and / or data . Many of these forms of computer readable etching layer adjacent to said substrate , wherein said 
media may be involved in carrying one or more sequences etching layer comprises metallic particles comprising a 
of one or more instructions to a processor for execution . second metallic material configured to catalytically 

While various embodiments described herein have made etch said substrate , wherein said first metallic material 
reference to semiconductor substrates , methods described 30 is configured to limit or prevent etching of said sub 
above may be employed for use with other types of sub strate that is facilitated by said second metallic mate 
strates , such as substrates formed of metallic or insulating rial ; and 
( dielectric ) materials . ( e ) using said metallic particles to catalytically etch said 

Unless the context clearly requires otherwise , throughout substrate to form holes in said substrate , thereby form 
the description and the claims , the words “ comprise , ' ' com - 35 ing said thermoelectric element . 
prising , ' and the like are to be construed in an inclusive sense 2 . The method of claim 1 , wherein , in ( d ) , said etching 
as opposed to an exclusive or exhaustive sense ; that is to say , layer is deposited on said etch block layer and adjacent to 
in a sense of ‘ including , but not limited to . ' Words using the said substrate , wherein said etch block layer comprises a 
singular or plural number also include the plural or singular material that reduces an etch rate of portions of said sub 
number respectively . Additionally , the words ' herein , ' ' here - 40 strate that are adjacent to said etch block layer . 
under , ' above , ' “ below , ' and words of similar import refer to 3 . The method of claim 1 , wherein , subsequent to ( c ) , said 
this application as a whole and not to any particular portions mask is removed , and wherein removal of said mask exposes 
of this application . When the word ' or ' is used in reference portions of said substrate . 
to a list of two or more items , that word covers all of the 4 . The method of claim 1 , wherein an individual hole has 
following interpretations of the word : any of the items in the 45 a surface with a metal content of at least about 0 . 000001 % . 
list , all of the items in the list and any combination of the 5 . The method of claim 1 , wherein said holes have an 
items in the list . aspect ratio of at least about 100 : 1 . 
Devices , systems and methods provided herein may be 6 . The method of claim 1 , wherein said holes have an 

combined with or modified by other devices , systems and aspect ratio of at least about 1000 : 1 . 
methods , such as devices , systems and / or methods described 50 7 . The method of claim 1 , wherein in ( e ) said metallic 
in U . S . Pat . No . 7 , 309 , 830 to Zhang et al . , U . S . Patent particles are exposed to an oxidizing agent and a chemical 
Publication No . 2006 / 0032526 to Fukutani et al . U . S . Patent etchant . 
Publication No . 2009 / 0020148 to Boukai et al . , and U . S . 8 . The method of claim 7 , wherein said metallic particles 
patent application Ser . No . 13 / 550 , 424 to Boukai et al . are exposed to said oxidizing agent and said chemical 
( “ THERMOELECTRIC DEVICES , SYSTEMS AND 55 etchant simultaneously . 
METHODS ” ) , each of which is entirely incorporated herein 9 . The method of claim 7 , wherein said metallic particles 
by reference . are exposed to said oxidizing agent and said chemical 

It should be understood from the foregoing that , while etchant sequentially . 
particular implementations have been illustrated and 10 . The method of claim 7 , wherein exposure of said 
described , various modifications may be made thereto and 60 metallic particles to said oxidizing agent and said chemical 
are contemplated herein . An embodiment of one aspect of etchant is timed such that said etching is not through 
the disclosure may be combined with or modified by an substantially all of said substrate . 
embodiment of another aspect of the disclosure . It is not 11 . The method of claim 1 , wherein in ( e ) said substrate 
intended that the invention ( s ) be limited by the specific is exposed to an oxidizing agent and a chemical etchant . 
examples provided within the specification . While the 65 12 . The method of claim 11 , wherein said substrate is 
invention ( s ) has ( or have ) been described with reference to exposed to said oxidizing agent and said chemical etchant 
the aforementioned specification , the descriptions and illus - simultaneously . 
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13 . The method of claim 1 , wherein said first metallic 

material comprises one or more metals selected from the 
group consisting of chromium , molybdenum , tungsten , tita 
nium and niobium . 

14 . The method of claim 1 , wherein said substrate is a 5 
semiconductor substrate . 

15 . The method of claim 1 , wherein said holes have an 
aspect ratio of at least about 5000 : 1 . 

16 . The method of claim 1 , wherein said holes have an 
aspect ratio of at least about 10 , 000 : 1 . 10 

17 . The method of claim 1 , wherein said metallic particles 
are deposited on said substrate by physical vapor deposition . 

18 . The method of claim 1 , wherein said metallic particles 
are nanoparticles . 

19 . The method of claim 1 , wherein a root mean square 15 
roughness of a given one of said holes is between about 0 . 1 
nm and 50 nm determined by transmission electron micros 
copy ( TEM ) . 

20 . The method of claim 19 , wherein said root mean 
square roughness of one of said holes is between about 1 nm 20 
and 20 nm determined by TEM . 

* * * * * 


